We decorated a single giant DNA (1.66 Â 10 5 base pairs) with gold nanoparticles through the simple procedure of mild warming, without denaturation of the DNA molecule. Single-molecule observation with fluorescence microscopy revealed that individual decorated DNA molecules stay in the bulk solution by avoiding aggregation and precipitation, and exhibit translational and conformational fluctuation, i.e., Brownian motion. An analysis of the intra-chain fluctuation of single DNA molecules revealed that the apparent spring constant and damping coefficient of a DNA chain increased by ca. 13-and 5-fold, respectively, upon decoration with gold nanoparticles. Observation by transmission electron microscopy revealed that gold nanoparticles were stably attached to the DNA skeleton. UV-visible measurements revealed the absence of any detectable change in surface plasmon resonance, suggesting that the gold nanoparticles assemble without the formation of a densely packed aggregate.
Introduction
Nanoparticles (NPs) have attracted considerable interest with regard to both their potential applications in medicine and basic understanding of biological systems. The evolution of nanoscience has led to the development of a wide variety of methods to ght cancer and image damaged organisms.
1,2 In gene therapy, DNA is transferred into the living cells of patients. Nevertheless, the principal challenge in the design of gene delivery systems lies in the carrier's ability to overcome different biological barriers and reach the target in an efficient manner. 1, 3, 4 Due to the limitations of a modied virus for this purpose, non-viral vectors (and particularly NPs) have become important. 4 On the other hand, the easy control of NPs' size and charge allows mimicking proteins and other kinds of macromolecules and studying their effects in the DNA structure. For example, cationic nanoparticles have been used to study the DNA's wrapping or bending by electrostatic interaction with the purpose of simulating the chromatin-like structures at different levels of organization. [5] [6] [7] Not only the effect of the charge in the DNA structure can be studied throughout this method, but also the effect of the occupied volume by macromolecules, making nanoparticles an excellent tool for studying the crowding effect in living cells. 8 Among the many types of NPs, those with noble metal cores are especially popular due to their amazing optic properties 9 which gives rise to a whole new eld involving the engineering and architecture of DNA-noble metal NPs conjugates.
10-12
Oscillation of the electron cloud of nanoparticles upon interaction with the electric eld of light causes the colloidal system to absorb electromagnetic radiation, and, for noble metal NPs, this absorption is in the visible range. 13 This strong and broad band is called the Surface Plasmon Resonance (SPR) band and its characteristics depend on the physical properties of the NPs and the environment. 13, 14 Among all existing nanoparticle types, gold nanoparticles (AuNPs) have enjoyed the greatest rise in popularity, despite the fact that silver nanoparticles display a stronger and narrower band than colloidal gold. 15 This is in no small part due to the inert nature and biocompatibility of gold, 16 which allows for generating different structures with a wide range of properties according to the "construction block".
17-19
DNA-AuNPs systems have received a large boost over the past few years, and the number of publications on this topic has grown exponentially. 20 This marked interest has been principally due to the versatile interactions between AuNPs and thiolated oligonucleotides, which allow for the easy and selective functionalization of these colloids. 20, 21 In addition, the nucleobases exhibit a strong tendency to interact with the AuNP surface, and each shows a different adsorption affinity. 22 In this way, appropriate oligonucleotide design could allow for the anchoring of short DNA molecules to a nanoparticle surface without the need for a sulfur bond. These adsorption processes enable, among many other applications, the detection of oligonucleotide hybridization upon the addition of salt, since non-complementary molecules tend to stick to the nanoparticle surface, increasing the colloid's charge and its stability against aggregation processes. 23, 24 Consequently, studies about noble metal NPs and DNA have mainly focused on the interaction of single-stranded oligonucleotides with AuNPs, and much less is known about the interactions of these systems with long DNA molecules. 25 As a consequence of their predominant use as sensors, there has been little interest in the physical effects of AuNPs on DNA, including oligonucleotides. As an example, a recent study examined the inuence of cationic colloidal silver on the DNA structure; the structural changes of the polymer depended on the nanoparticle concentration and charge, and partial strand separation was achieved.
26
In the present work, we report the formation of AuNP/DNA complexes by a novel and easy method involving giant DNA (T4-DNA; 166 kbp) and anionic AuNPs, without the need for any surface alteration. It should be noted that the procedure adopted in the present study is markedly different than those in studies using DNA as a template, where the nanoparticles' functionalization was required, either with cationic ligand to reach the interaction via electrostatic attraction with anionic phosphate groups 27, 28 or using oligonucleotides to make the assembly by DNA hybridization mechanism.
11,29 Besides we have focused our attention on the interaction of AuNPs with genome-sized giant DNA molecules because it is well known that the persistence length of double-stranded DNA molecules is around 170 bp (or 50 nm), so this implies that DNA below the size of kbp behaves as a stiff rod whereas giant DNA molecules above the size of several tens of kbp are regarded as semiexible polymer chains. Actually, giant DNA molecules with lengths on the order of 100 kbp undergo a large discrete transition, contrary to short DNA molecules which tend to aggregate without a folding transition. 30, 31 In addition, changes in the higher-order structure of DNA are believed to be involved in the regulation of gene expression. 32, 33 Furthermore, studies on the basic properties of giant DNA molecules are expected to shed light on the underlying mechanism of epigenetic phenomena.
34
Here we have evaluated and obtained the spring constant on genome sized DNA though the observation of uctuating molecules. Although there have been so many studies on the measurements of the Brownian uctuation of DNA molecules, these studies have failed to obtain the precise information on the intrachain uctuation eliminating the inuence of translational and rotational uctuations. 30, 31 The procedure developed here to obtain the spring constant means the base for future studies in the higher order structure of genome sized DNA by the interaction with different kind of molecules, for example, anticancer agents.
Experimental methods

Materials
Hydrogen tetrachloroaurate(III) trihydrate was purchased from Sigma-Aldrich (St. Louis, MO, USA), and trisodium citrate was from Alfa Aesar (Haverhill, MA, USA); they were used without further purication. All chemicals were of analytical reagent grade. Solutions were prepared with deionized water with a conductivity of less than 10 À6 S m À1 .
T4 GT7 phage DNA (166 kbp with a contour length of 57 mm) was purchased from Nippon Gene Co., Ltd. LTP (Toyama, Japan). Calf thymus DNA (CT DNA: 8-15 kbp) was purchased from Sigma-Aldrich. The uorescent dye GelGreen was obtained from Biotium (Fremont, CA, USA). The antioxidant 2-mercaptoethanol (2-ME) was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Synthesis and characterization of gold nanoparticles
Citrate-capped AuNPs with an average size of around 15 nm were prepared according to a variation of Turkevich's method, by reduction of a gold complex in a liquid phase.
35 97 ml of HAuCl 4 (0.01%) was heated under reux at 90 C, and then, at this temperature, 3 ml of tri-sodium citrate (38.8 mM) was added. Heating under reux was continued for an additional 10 minutes, during which time the color changed to deep red. The solution was then le stirring at room temperature for 24 hours.
In the UV-Vis absorption spectra, the absorption maximum wavelength was located at 520 nm. This wavelength is similar to that obtained in previous studies on AuNPs with a size of ca. 15 nm, making it possible to estimate the extinction coefficient:
. 36 The concentration can be obtained by applying the Lambert-Beer law: [AuNPs] ¼ 3.9 Â 10 À9 M.
Preparation of assemblies of single DNAs with AuNPs
10 ml of T4 DNA solution (10 mM) was added to 790 ml of TrisHCl buffer solution (pH 7.5). This sample was placed in a water bath at 60 C for 10 minutes. Next, without moving the bath container, 200 ml of a 15 nm AuNP dispersion was added to give
The sample was kept in the bath for an additional 5 minutes, and then le to cool to room temperature (24 C). A DNA solution at the same concentration and treated in the same way as the sample was used as a control. Another sample with its respective control but without any heating was also prepared.
Fluorescence microscopy (FM) measurements
2-ME and the dye GelGreen were added to 950 ml of the sample, with nal concentrations of 4% (v/v) and 5 mM, respectively. 2-ME was used as a free-radical scavenger to reduce uorescent fading and light-induced damage of DNA. GelGreen was added to visualize individual DNA molecules by FM. In a previous work, we conrmed that GelGreen has a negligible effect on the conformation of DNA molecules at the concentrations used in observations by uorescence microscopy. 37 Single-DNA observations were performed with an Axiovert 200 inverted uores-cence microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 100Â oil-immersion objective lens and uorescent illumination from a mercury lamp (100 W) via a lter set (Zeiss-10, excitation BP 450-490; beam splitter FT 510; emission BP 515-565). Images were recorded onto a DVD at 30 frames per second with a high-sensitivity EBCCD camera (Hamamatsu Photonics, Shizuoka, Japan) and analyzed with an image-analysis soware, Cosmos32 (Library Co., Ltd., Tokyo, Japan).
Transmission electron microscopy (TEM) measurements
For TEM examinations, a single drop (10 ml) of the sample was placed on a carbon lm-coated copper grid, which was then le to dry in air for several hours at room temperature. TEM observations were performed with an energy ltered-TEM JEM2100F electron microscope (JEOL, Tokyo, Japan) at 200 kV. The samples were analyzed at different magnications (4k, 6k, 8k, 10k, 12k, 15k, 40k, 100k, 300k), and then magnied 30-fold with a CCD camera (Olympus, Tokyo, Japan).
UV-visible spectra
AuNP spectra were recorded from 400 to 800 nm with a Cary 500 spectrophotometer (Agilent, Santa Clara, CA, USA). The path length of the quartz cuvette was 1 cm. Experiments were carried out under different temperature conditions at a xed colloidal gold concentration ([AuNPs] ¼ 8 Â 10 À10 M) in the absence and
Circular dichroism (CD) spectra
Electronic CD spectra were recorded in a Mos-450 spectropolarimeter (Bio-Logic, Seyssinet-Pariset, France). A standard quartz cell with a path length of 1 cm was used. The spectra were expressed in terms of ellipticity. Scans were taken from 230 nm to 320 nm for the intrinsic region of the DNA. For each spectrum, 5 runs were averaged at different temperatures. All the spectra were obtained with a xed concentration of CT DNA 
Results and discussion
In several preliminary experiments on the interaction of AuNPs with giant DNA molecules, we noticed that most AuNPs tend to effectively bind DNA molecules under mild warming at around 60-70 C. To avoid the effect of the melting transition on double-stranded DNA, we chose a warming temperature at 60 C and observed the obtained assemblies by several different methods. Here, we present the results of observations of complexes between DNA and AuNPs, by comparing the results for samples aer warming at 60 C with control specimens prepared at 24 C (room temperature). Fig. 1A and B correspond to control DNA samples in the absence of AuNPs, before and aer warming at 60 C, respectively. In both cases, elongated DNA molecules exhibit translational and intrachain uctuation as Brownian motion in the bulk aqueous solution. The observations at room temperature (24 C) are similar to those reported in previous studies. 7, 38 With the addition of AuNPs to DNA solution at room temperature (Fig. 1C) , DNA molecules remain in an elongated conformation. In the sample aer warming (Fig. 1D) , DNA molecules exhibit a rigid conformation, i.e., almost no intrachain uctuation is observed except for uctu-ating translational and tumbling motions. Additionally, bright dots are arranged along a single DNA molecule.
To evaluate the degree of intramolecular Brownian motion, we analyzed uctuation on uorescence images of single DNA molecules before and aer decoration by AuNPs. The red line in Fig. 2 shows the time-dependent uctuation of the long-axis length for a T4 DNA molecule aer warming in the presence of AuNPs. The blue line shows the uctuation for a natural DNA molecule in the absence of AuNPs. It is apparent that the single DNA in an assembly with AuNPs aer gentle warming exhibits a rather stiff structure with a signicant decrease in intrachain uctuation. Interestingly, a single-DNA assembly is essentially the same size as that of native DNA without AuNPs. It has been well established 30, 39 that many chemical agents, such as polyamines, cationic surfactants, crowding solvable polymers, etc., cause the tight compaction of giant DNA molecules. Thus, the effect of AuNPs on the higher-order structure of DNA is rather specic, and leads to a marked change in uctuation by maintaining the conformation without compaction/condensation.
Next, we evaluated the autocorrelation C(s) from the timedependent uctuation of the long-axis length, L(s):
where L is the time-average of the long-axis length. Based on a theoretical model of thermal uctuation under a harmonic potential, the autocorrelation function is represented as in eqn (2) to a reasonable approximation:
where k B is the Boltzmann constant, T is absolute temperature, k (N m À1 ) is the spring constant, g (s À1 ) is a damping coefficient and u is angular frequency. The spring constant k can be evaluated from the initial value of the autocorrelation function, C(s ¼ 0) h C(0), by using the relationship k z k B T Cð0Þ : From the vertical axis at s ¼ 0 in Fig. 3 , C(0) is calculated as 0.46 AE 0.09 and 0.034 AE 0.007 mm 2 for natural and Au-decorated DNA, respectively. Thus, the spring constants k of natural DNA and Au-decorated DNA are
, respectively, by taking T z 300 K. In other words, the spring constant of Au-decorated DNA is ca. 13 times larger than that of natural DNA. Next, we deduce physico-parameters from the tting curves based on eqn (2), as in the broken lines in Fig. 3 . The damping coefficients for natural and Au-decorated DNAs are thus evaluated to be g 0 ¼ 
where l p and L are the persistence length and contour length, respectively. For the T4 DNA used in the present study, we can estimate l p ¼ 50 nm and L ¼ 57 mm. Thus, we can expect that the spring constant of T4 DNA would be several pN m À1 (¼10 À9 N m À1 ), corresponding to the values obtained from the analysis of the uctuation of single DNA molecules. The spring constant and damping coefficient's rise can be attributed to several factors. Amongst them, the increase of the bending stiffness with the binding of AuNPs, the increase of the self-avoiding volume effect, and/or the steric and electrostatic repulsions between nanoparticles are some of the most important. If we consider the DNA molecule as a semi-exible chain, the assembly of colloidal gold involves attaching a (comparatively) huge and rigid sphere to the biopolymer chain; in turn, the DNA segments which are interacting with it also get increasingly stiff.
One of the factors that determines DNA stiffness is the negative charge of the chain, since electrostatic repulsion forces cause the phosphate groups to be separate. The presence of anionic nanoparticles in a DNA fragment implies an increase of the local charge in that point and forces these fragments to acquire more rigid conformations to minimize the aforementioned repulsions.
As for the DNA-AuNP assemblies generated by mild warming, by visual inspection there was no apparent color change for the sample solution before and aer warming, suggesting that the AuNPs exhibit negligible aggregation. To check the solution conditions including aggregation in a quantitative manner, we carried out UV-Vis absorption measurements. Fig. 4 shows the SPR band of AuNPs in the presence and absence of DNA at different stages of the process, which reveals essentially the same absorption spectrum before and aer warming. Here, we show the spectrum for the DNA-AuNP assembly aer warming at 70 C, to show the minimum effect of warming on plasmon absorption. (There was no detectable difference between samples aer warming at 60 C or 70 C.) It is well known that the SPR band shis to a higher wavelength when the size of AuNPs becomes larger due to electric eld coupling. In addition, it has been reported that symmetry-breaking of spherical Au particles as the result of tight contact between them causes a quadrupolar absorption band at around 600 nm.
44
As mentioned above regarding the measurements by uo-rescence microscopy and UV-Vis spectroscopy, we have shown that decorated individual giant DNA molecules are soluble in solution by avoiding aggregation and precipitation. However, the resolution of uorescence microscopy is relatively low and is on the order of 0.5 mm. To obtain information on the detailed morphology of individual giant DNA decorated with AuNPs, we performed TEM observations. Fig. 5A shows AuNPs prepared in the absence of DNA, indicating the presence of randomly dispersed particles absorbed on a carbon lm. Fig. 5B shows the results for a mixture of T4 DNA and AuNPs without warming, revealing that, while nanoparticles tend to attach to the DNA chain, a certain proportion remain unbound and are dispersed C and room temperature after the warming procedure (AH, after heating). on the solid substrate. Interestingly, all of the particles bound to the DNA skeleton and resulted in greater density along the DNA chain (see Fig. 5C ), in contrast to the sample prepared at room temperature. In accordance with the experimental results by uorescence microscopy, the fully decorated sample prepared by mild warming exhibits only slight shrinkage compared to that prepared without warming. A more detailed comparison of the warmed and un-warmed samples is presented in the ESI (see Fig. S1-3 †) . Interestingly, the obtained structures are different than what would be obtained if the biopolymer acted as a mere template (DNA metallization), where the assembly of metallic nanoparticles would be more branched and ordered, or could even behave as a nanowire. 45, 46 In addition, the morphology observed by FM is similar to that observed by TEM, despite the large difference in spatial resolution in addition to the difference in the observation conditions, i.e., in solution or dry on a solid substrate (see Fig. S4 †) . On the other hand, as mentioned above, there was no apparent difference in the UV- visible spectrum or the SPR band, which implies that aggregation among AuNPs is almost negligible or that the interaction between neighboring colloids along the DNA molecule is relatively weak. In any case, the differences between Fig. 5B and C show extremely different behaviors depending on the heating process. These differences in structure are due to enhanced DNA-AuNP interactions in the complexes formed upon warming. A possible explanation is that there is a partial separation of T4 DNA during the heating process which causes a loss of DNA stiffness and further exposes the bases to the gold surface; for this reason, the aforementioned complex structures are not observed in the unheated sample. The interaction way of DNA molecules with citrate capped AuNPs has been extensively studied, being established through the base fragments. 22, [47] [48] [49] [50] In fact this interaction is so strong that it can break the hydrogen bond of base pairs in oligonucleotides, although that was observed with 5 nm AuNPs and not for 15 nm. 48 On the other hand, the phosphate groups of DNA molecules only interact when the colloidal gold has positive charge, due to electrostatic attractive forces, and it is noteworthy that the interaction is with the cationic functional group and not with the gold surface.
5,51,52
It has also be considered that at room temperature the AuNPs and DNA molecules are inclined to be distant (due to they present the same charge) and therefore the binding is rather difficult. 24, 53 As the temperature increases the thermal uctua-tion too, so that the chances to collide of the AuNPs with DNA molecules are higher, being possible surpassing the energy barrier which avoids their approximation. In addition the partial denaturation of DNA can happen at higher temperatures, so the exposition of DNA's bases to the outside is viable and the interaction between bases and AuNPs does not need to overlap the repulsion electrostatic energy. Anyway, more studies are necessary to understand the mechanism that provokes an increase in the interaction between T4 DNA and anionic AuNPs at higher temperature.
Finally, to check if these interactions provoke changes in the secondary structure of DNA, the effects of temperature and the presence of NPs on the circular dichroism (CD) spectra of DNA were studied. Fig. 6A shows CD spectra for the samples at room temperature. The addition of AuNPs induces a slight decrease in the intensity of the positive band, although the basic character of the B-structure is preserved. An isosbestic point also appears over 258 nm, as has been previously observed for anionic nanoparticles and large DNA chains. 53 This small conformational change does not involve an opening of the double helix due to the nanoparticles; the negative band does not decrease in intensity, which would correspond to a loss of helicity of the DNA, and the crossover point does not change, while Dias and coworkers found that for melting processes, a 3 nm shi could be expected. 54 Even at 70 C, the essential feature characteristic to the B-form remains (see Fig. 6B ), accompanied by a small decrease in the band height, suggesting the induction of a helix-coil transition at some portion of DNA. Although no signicant changes in DNA structure are observed at room temperature or adding AuNPs at 70 C, this is not the case at room temperature aer heating (see Fig. 6C ): an important decrease of intensity of the positive band (around 20%) consisting in the DNA compaction appears. Some authors have attributed these changes to bending phenomena, 55 which are associated with small losses of p-stacking interactions and helicity. The same phenomenon has been described working with functionalized cationic gold nanoparticles and 37-residue oligonucleotides (see Fig. 2 in the ref. 5) . However in this case the DNA compaction took place by electrostatic interaction between negative charge of phosphate groups with the positive charge of the nanoparticle surface. This fact implies that not only a marked decrease intensity at 280 nm is present in the circular dichroism of DNA: it is coupled with a shi in the maximum wavelength. This point is not observed in the present study and cannot be concluded a total conversion of denatured double strand unlike the study carried out by Goodman and collaborators.
5 However, at no stage of the process do the DNA molecules show a conformation being largely and remarkably different from the B-form, suggesting that the secondary structure of DNA remains almost same as that before the decoration with AuNPs.
Conclusions
In the present article, successful decoration of a giant DNA molecule with AuNPs through the simple procedure of mild warning was described. Upon such decoration, the DNA molecule becomes stiffer while retaining an elongated conformation. On the other hand, there is no apparent change in the surface plasmon resonance of AuNPs, suggesting that they are dispersed, rather than aggregated. Electron microscopy observations support such dispersed positioning. In addition, it was conrmed that the secondary structure of DNA stays mostly as in the B-form aer AuNP decoration. Further studies will be needed to gain a basic understanding of the structure and properties of AuNP-decorated giant DNA, and also to develop and optimize DNA-AuNPs complexes for practical applications in medicine.
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